Direct observation of the Mott gap in Sr 2 Ir04 with a scanning tunneling microscope 
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The single-layer Mott insulator Sr 2 Ir04 was studied using a scanning tunneling microscope. This 
measurement technique is unique due to the transport properties of this Mott insulator allowing tun- 
neling measurements to be performed, even at cryogenic temperatures. We obtained high-resolution 
images of the sample surface and the differential tunneling conductance at different cryogenic tem- 
peratures. The differential conductance is a direct measurement of the local electronic density of 
states which provided an insulating gap consistent with optical conductivity, angle resolved pho- 
toemission spectroscopy and resonant inelastic x-ray scattering (RIXS) experiments. The observed 
widths of these features is broader than predicted by the Slater approximation and narrower than 
predicted by dynamical mean field theory. Additionally, the observed density of states due to mag- 
netic fluctuations is found in the derivative of the differential conductance and is consistent with 
results from Raman scattering and RIXS. At low temperatures, additional low-energy features were 
observed, suggesting a change in the dispersion of the collective magnetic excitations, which is 
consistent with the magnetic susceptibility. 

PACS numbers: 73.23.Hk, 71.30.+h, 71.70.Ej, 71.27.+a 



I. INTRODUCTION 

Recently, there has been a surge of renewed inter- 
est in 5d transition metal oxides, such as the iridates. 
The electrons in these compounds are more spatially ex- 
tended than in their 3d and Ad counterparts, resulting 
in a smaller Coulomb interaction (U) and a larger band- 
width (W). This should make hd transition-metal oxides 
metallic; however, it is believed that the large spin-orbit 
coupling (SOC) in the 5d materials drives some of them 
insulating. The prototype of this spin-orbit-driven insu- 
lating behavior is the single-layered iridate, S^IrC^. 

Tunneling spectroscopy is the most direct method for 
probing a material's density of states, which for Mott 
insulators is not well understood and often has contri- 
butions from multiple excitations. The interesting phe- 
nomenon with this material is that the SOC parameter is 
large enough to allow even a modest Coulomb interaction 
to open a Mott gap. We use scanning tunneling spec- 
troscopy (STS) to directly measure the Mott gap. Since 
tunneling spectroscopy is mostly sensitive to the charge 
property of electrons, magnon excitations are rarely seen 
in tunneling experiments. Interestingly, in the present 
study, the SOC in Sr2lr04 allows an anomalous magnon 
feature to be seen. 

Sr2lr04 has a K^NiF^like crystal structure as illus- 
trated in Fig. [T] a. The Ir06 octahedra undergo a ro- 
tation about the c-axis of approximately 11° resulting 
in a reduced tetragonal crystal structure (space group 
I4i/acd). To the knowledge of the authors, the metal 



insulator transition in undoped Sr2lr04 has not been ob- 
served, and this system has been shown to be insulating 
for temperatures up to 600 K.^This material has five va- 
lence electrons to fill the 5d orbital. Crystal fields split 
this band into a lower-energy t2 g band and a higher- 
energy e g band. SOC then splits the t2 g band into a 
Jeff, 3/2 that is filled with four electrons, and the remain- 
ing electron half fills the more highly energetic J e ff,i/2 
state. The effects of band splitting due to crystal fields 
and SOC are shown in Fig. [l]b. The modest Coulomb 
interaction in the J e ff,i/2 band forces this material into 
an insulating state^as shown in Fig. [l]c. 

Remarkably, even though Sr 2 Ir04 has an insulating 
ground state, it maintains a finite, non-zero electrical 
conductance even at cryogenic temperatures Tunneling 
experiments have been successfully performed on other 
Mott-insulating, transition-metal-oxide systems such as 
CaaR^OT^and Ca2Cu02Cl2)^In this Rapid Communi- 
cation, we report measurements of the atomic-scale lat- 
tice structure and electronic structure of single crystalline 
Sr 2 Ir04 using a scanning tunneling microscope (STM). 

Measurements of the electronic structure of the spin- 
orbit-driven Mott insulator Sr2lr04 that use other tech- 
niques have been previously reported. Srlr04 is an insu- 
lator that has an energy gap with a full width denned as 
2 A. Measurements of the excitation gap using resonant 
inelastic x-ray scattering (RIXS) and angle-resolved pho- 
toemission spectroscopy (ARPES) suggest values of 2A 
= 400 meV 5 and 2 A = 580 meVp respectively. Optical 
conductivity vanishes for photon energies below 2A ~ 
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FIG. 1: a) Crystal structure of Sr 2 Ir0 4 . The Sr, Ir and 
atoms are white, green and red respectively. The Ir06 octa- 
hedra are colored blue. The three layers labeled I, II and III 
are labels for the layers in Fig. [2] b) Illustration of how the 
5d orbital is split due to crystal field splitting and spin-orbit 
coupling, c) Illustration of the effect of the Coulomb interac- 
tion on the J e ff, 1/2 band and the ground state configuration 
of the system. 



400 meVP suggesting a value for the insulating gap close 
to the RIXS value. We measured the energy gap in the 
local density of states using STM. This local probe of the 
electronic structure provides a complementary perspec- 
tive to measurements with other techniques. 



II. METHODS 

Our experiments were conducted with a home-built 
Pan-style STM 8 with a commercial controller. The STM 
was oriented vertically inside a cryogenic probe, allowing 
for in-situ sample cleaving and exchange. The probe was 
evacuated to P ~ 10 -7 Torr at room temperature, and 
then the pressure was lowered further by cryogenically 
cooling the entire experimental probe. The samples were 
oriented such that the c-axis was parallel to the STM tip. 
The crystals were prepared with the flux method. The 
samples were cleaved in-situ at T = 77 K by breaking 
off a small rod that was attached to the top of the sam- 
ple. The weakest bond is the Sr-0 bond between an Ir06 
octahedra and an Sr atom in neighboring atomic layers. 
This weak bond leaves the SrO layer to be exposed after 
cleaving. Thus, the Ir02 layer, which is responsible for 
this material's electrical conduction, lies underneath an 
insulating layer, and this limits our resolution to single 
atomic steps. 

We interpret the electronic structure of Sr 2 Ir04 using 
the half-filled, one-band Hubbard model on the square 
lattice with on-site Coulomb interaction energy U = 2.0 
eV and nearest-neighbor hopping amplitude t = 0.25 

Below the Neel temperature T/v = 240 K, canted 
antiferromagnetic order arises in the J e fr = 1/2 Ir 
moments! 11 * 12 * Due to the rotation of the Ir06 octahedra, 
the canted antiferromagnetic order leads to a bulk ferro- 
magnetic moment. 10 Bulk magnetometry yields a stag- 



gered moment of | So I ~ 0.307. 10 It has been reported 
that Sr2lr04 has additional magnetic ordering at tem- 
peratures of - 100 K and - 25 KP 

The lattice parameters for Sr2lr04 are a = 5.499 A and 
c = 25.799 A™ It is important to note that the tilt of the 
Ir06 octahedra quadruples the c-axis lattice parameter. 
Therefore, the distance between two adjacent layers of 
Ir06 octahedra is roughly c/4 ~ 7 A. This material is 
inhomogeneous2H and cleaves along the SrO planes. 

High-resolution topographic images of the sample sur- 
face were obtained using an electrochemically etched 
tungsten tip. Tunneling current in topography- mode was 
I = 200 pA, sample bias voltage was V s = 300 mV, and 
the tip voltage was kept at virtual ground. 

STS was obtained using a lock-in amplifier to measure 
the differential tunneling conductance dl/dV as a func- 
tion of sample bias. STS were obtained at both 4.2 K 
and 77 K. For the 4.2 K (77 K) data, the sample bias 
was modulated by V mo d = 10 mV (4 mV) at a frequency 
of f m od = 704.2 Hz (703.4 Hz). We performed spatial 
averaging of the STS signal by using a blunt gold tipP^I 
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FIG. 2: (top) A constant-current STM image of the raw data 
taken with V b i as = 300 mV, I set = 200 pA of 109 x 109 nm 2 
area of Sr2ir04. Each layer labeled I, II and III is a different 
SrO layer, as indicated in Fig. [I] (bottom) A line profile 
represented as a white line in the image. 
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III. RESULTS AND ANALYSIS 
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FIG. 3: The red curve is the differential conductance at T = 
77 K obtained from lock-in amplifier with V mo d = 4 mV, f mo d 
= 703.4 Hz. The dashed lines are fits of the peaks to Eqn. [I] 
The parameters to each fit are displayed. Inset: The deriva- 
tive of the even component of the differential conductance. 

High-resolution topographic images of Sr2lr04 are 
shown in Fig. [2] Step edges separate wide, atomically 
flat steps, labeled I, II, and III [top, field of view (109 x 
109 nm 2 )]. Along the path indicated by the white line 
in the topographic image, the variation of height of the 
surface was measured (bottom) with atomic resolution in 
the direction parallel to the tip. Note that STM measures 
only the electronic structure and not the atomic position. 
No lattice structure was observed in the lateral direction 
due to the strong correlation of electrons in this system. 
Since the distance between layers I and III is consistent 
with the separation of two adjacent octahedra layers,^ 
and the STS in all three regions are identical (see below) 
suggests these layers have the same stoichiometry as in- 
dicated in Fig. [I] STS were consistent between different 
cleaves. 

The high-temperature tunnelling spectrum has a small 
density of states at the Fermi energy (Fig. [3|. The spec- 
trum has rough symmetry between positive and negative 
energy. Away from the Fermi energy, the density of states 
rises and has a prominent peak. A shoulder on the broad 
peak was observed on the side of the peak closer to the 
Fermi energy. 

The broad peaks in the differential tunneling conduc- 
tance were fitted (dashed line, separate fits to peaks 
above and below Fermi energy) using the standard tun- 
neling formalism^ and using the density of states of 
the half-filled, one-band Hubbard model on the square 
lattice 10 within the Slater mean-field approximation^: 

dl_ f°° \E\ e (E + eV)/k B T* 

dV °" - A 2 k B T*(l + e (W)A* T *) 2 

(1) 

Here, T* and A are treated as fit parameters. On 
physical grounds, we expect T* w 77 K for these high- 
temperature STS. Similarly, within the Slater approxi- 
mation, the single-particle gap parameter is expected to 
be given by 2A = §/7|S | « 800 meV, where U « 2.0 eV 



and | So | = 0.307 are, respectively, the on-site Coulomb 
interaction and staggered magnetic moment) 10 * 18 * 

From the fits to the STS, we infer the size of the in- 
sulating gap to be 2A « 615 meV. Similarly, we infer 
the temperature parameter T* = 519 K from fitting the 
peak at positive bias and T* = 633 K from fitting the 
peak at negative bias. The size of the gap is smaller than 
expected within the Slater approximation. However, it 
is consistent with the ARPES result, 2 A = 580 meV. 
The RIXS result, 2A=400 meV, is smaller than the gap 
measured in STS. Similarly, the onset energy for optical 
absorption 400 meV is also smaller than the gap mea- 
sured in STS. 

The broadening parameter obtained from fitting the 
data to Eqn. (1) is much larger than the temperature at 
which the STS were obtained. We interpret this broad- 
ening as evidence of electron-electron correlation, which 
is not captured by the Slater mean-field approximation. 
The peak in the density of states is narrower than ex- 
pected from results obtained within the dynamical mean- 
field approximation to the one-band, half-filled Hubbard 
model on the square lattice.^ 

Surprisingly, inside the Mott gap additional features 
that we interpret as inelastic loss features due to a sin- 
gle mangnon are observedpSI Since these features should 
be symmetric about the Fermi energy, the asymmetry 
of the Mott gap is removed by fitting the data in Fig. 
[3] (not shown), and defining the function g as the even 
component of this fit. The derivative of g for the high- 
temperature differential tunneling spectrum in the vicin- 
ity of the low-energy shoulder is shown in the inset of 
Fig. [3j There is a peak at 125 meV, which is the en- 
ergy associated with the single magnonP^RIXS measure- 
ments of the magnon dispersion relation are consistent 
with this interpretation: the magnon dispersion flattens 
around 120 meV creating a large increase in the density of 
states P Similarly, the two-magnon absorption feature in 
Raman scattering 2 ^ is consistent with our interpretation: 
the two-magnon feature in Raman scattering occurs at 
240 meV, roughly twice the energy of the single-magnon 
feature in STS. 

The low-temperature tunneling spectrum (4.2 K) is 
shown in Fig. [4] a. Suppression of the density of states at 
the Fermi energy is clearly visible. Away from the Fermi 
energy, the density of states rises, just as it does at high 
temperature. However, in addition to features due to the 
insulating gap and single magnon also observed at high 
temperature, there are clear rearrangements of spectral 
weight and a general decrease in the particle-hole sym- 
metry of the tunneling spectrum at low temperature. In 
particular, near the Fermi energy, an additional shoulder 
appears which is sharper than the prominent features 
seen in the high-temperature STS. The low-temperature 
spectra was also fit to Eqn. [I] and a similar value for 2A 
was obtained; however, the parameters of these fits are 
very uncertain and are not presented. 

The derivative of the low-temperature tunneling spec- 
trum is shown in Fig. [4] b in red along with the high- 
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FIG. 4: a) The differential conductance at T = 4.2 K obtained 
from lock-in amplifier with V mo d = 10 mV, f mo d = 704.2 Hz. 
b) The derivative of the differential conductance at T = 77 
K (red) and T = 4.2 K (blue). The dashed line is a guide for 
the eye. 



temperature spectrum (blue) and a guide to the eye 
(dashed) . There is a narrow peak in the low-temperature 
data at approximately 35 meV, which we interpret as 
an inelastic loss feature due to excitation of a collective 
excitation of the low-temperature magnetic order which 
is consistent with the additional magnetic ordering re- 
cently observed in this material.^ Bulk magnetometry 
and muon spin relaxation show a change in magnetic 
order at low temperature, with an onset at roughly 20 
K. The appearance of a new inelastic loss feature in the 



STS at low temperature is consistent with a change in 
magnetic order, and suggests that the density of states 
for magnetic excitations at low temperature has an addi- 
tional peak at 35 meV compared to the high-temperature 
density of states for magnetic excitations. 



IV. CONCLUSIONS 

We have examined the properties of Sr2lr04 with an 
STM. We have shown that its freshly cleaved surfaces 
are atomically flat with steps that are single atomic lay- 
ers. We have measured the Mott gap with tunneling 
spectroscopy to be 2A = 0.615 eV at 77 K. This re- 
sult is comparable to similar results from ARPES, RIXS 
and optical conductivity measurements. We have mod- 
eled our results with the single-band Hubbard model and 
the Slater (dynamical mean- field theory) approximation, 
which predict features that are narrower (broader) than 
observed. We have also observed a single-magnon exci- 
tation at an energy of 0.125 eV, which is consistent with 
magnons observed through Raman scattering and RIXS. 
Also, at lower temperatures, we have observed additional 
low-energy features at roughly ± 35 meV, likely due to 
additional magnetic ordering. 
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